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INTRODUCTION 
Intimate study of the  electrical activity of various  types  of excitable cells, 
which has become possible  with the use of intracellular recording, has dis- 
closed  numerous  degrees  of complexity in  the  phenomena  by  which  bio- 
electric activity is produced. Excluding the different varieties of electrically 
inexcitable electrogenesis (28),  and limiting consideration only to  the elec- 
trically excitable form, several previously unsuspected phenomena have been 
observed. Different portions of the cell membrane have different excitabilities 
(3,  6,  7,  13,  17,  20,  24).  Indeed, some parts of the cell may not respond to 
stimuli with spikes  (2,  9,  22,  23,  40,  54).  In the giant neurons of Aplysia or 
Helix  small  responses,  "pseudo pointes"  (53),  may be recorded.  In some va- 
rieties of cells, graded responses are produced either in the normal activity 
(11,  12, 30)  or as a  result of experimental conditions (1, 26,  27). 
As is shown in the present series of papers (4,  5), the large supramedullary 
neurons  (SMC)  of an  Atlantic  puffer,  Spheroides maculatus,  exhibit some  of 
these complexities.  The  SMC  offer a  number of advantages for an  attack 
upon several of these matters not only because of their size and superficial 
location. The cell body has only one large extension, a neurite which branches 
to form  a  number of unmyelinated axons  (4).  Thus,  complications in  the 
electrical  circuit  properties  introduced  by  a  myelinated segment,  or  by 
numerous dendritic arborizations  (cf. references  16,  19,  22,  46)  should  be 
absent.  These properties,  both  the  active  as  well as  the  passive,  form  the 
subject of this paper,  Part II of the present series. 
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RESULTS 
A.  The Passive Electrical Circuit Properties of  the Membrane 
MEMBRANE  RESISTANCE  AND  RECTIFICATION  The  changes  in  membrane 
potential  produced  by  currents  applied  through  an  intracellular  electrode 
are  shown  in  Fig.  1.  The  voltage of the  membrane  rose  and  fell only grad- 
ually  in  response  to  an  abruptly  applied  and  abruptly  terminated  current. 
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Fmum~ 1.  Membrane resistance and rectification in SMC. Left:  Time course of mem- 
brane voltage changes produced by intraceUularly applied currents. Ordinate of graph 
on right is also the voltage scale for the oscillographic  records and the abscissa is the level 
of the resting potential. The applied current may be read from the points on the graph. 
After the membrane had attained a steady voltage which was characteristic for the mag- 
nitude  and polarity of the  applied current the cell was directly excited to produce a 
spike. The interval of this response is indicated by thin straight lines on the tracings of 
the potentials.  At all initial values of membrane voltage more positive than the post- 
spike equilibrium potential (-- 3 Inv. with respect to the resting potential) the end of the 
spike was characterized by an undershoot which was largest for the more positive steady 
levels of membrane potential. The undershoot was absent at a hyperpolarization of --3 
my. and more. Right: Steady membrane voltages of this experiment plotted against the 
currents  that produced  them. The membrane resistance,  represented by the slopes of 
the current-voltage lines,  is higher for inward,  hyperpolarizing currents,  than for de- 
polarizing currents. 
The  time constant for hyperpolarizing pulses ranged in different experiments 
from about  10  to  20  msec.  The  linear  relation  between  the  applied  current 
and  the final value of the membrane  voltage is shown in the graph of Fig.  1. 
As is also the case for other tissues,  the resistance was lower to currents which BENNETT, CRAm, GRUNDFEST.  Electrically Excitable Membrane  x9I 
depolarized the cell,  the rectification factor ranging from about 2  (as in the 
cell of  Fig.  1) to 8  (cf. Fig.  8, Table I). The slope resistance for hyperpolariz- 
ing currents for the cell of Fig.  1 was about 2  ×  106 ~2. Values obtained from 
other  cells  are  shown  in  Table  I.  Assuming a  cell diameter of 250  g  and 
taking the average resistance (2.7  X  10" f~), the specific membrane resistance 
is about 500 ohm cm  2. The calculation is only approximate, since the surface 
of a  SMC is not a  smooth spherical skin, but has numerous small projections 
(4).  The  effects of capillaries  which penetrate  the  cell surface are  also  not 
taken into account. The SMC of a  Pacific puffer, S.  vermicularis, have a  spe- 
cific membrane resistance of 500 to 1000 ohm cm: (34). 
MEMBRANE RESISTANCE FOLLOWING  THE SPIKE  In the experiment of Fig.  1 
a  spike was evoked in  the cell after the membrane potential had attained a 
steady value proportional to the applied polarizing current. During the spike, 
the membrane resistance presumably decreased markedly as in other cells. In 
S. vermicularis it falls about 30-fold (34). After the spike, the membrane voltage 
TABLE  I 
ELECTRICAL  CONSTANTS  OF  SMC 
Animal  Re~tlng  Spike  Resistance  on  Rectification  Rheobase  Post-spike 
potential  height  hyperpolari-  depolari-  factor*  equilibrium 
zation  zation  potential 
my.  my.  I  O~  I  o~"~  I0  -T  A  too. 
ti  62  7.8  4.5  1.7  3.0  --  84  17.0  4.7  3.6  3.9  12 
1  57  15.0  4.1  3.7  2.6  4 
57  12.0  5.0  2.4  2,8  6 
81  25.0  8.3  3.0  1.9  9 
2  --  114  20.0  11.0  1.8  --  --3 
t6  i  107  27.0  11.0  2.5  5.6  --  --  98  41.0  9.1  4.5  1.2 
106  39.0  8.2  4.8  1.2  -- 
95  26.0  6.8  3.8  2.2 
3  113  42.0  13.0  3.2  0.6  -- 
110  33.0  16.0  2.1  0.8  -- 
|53  95  ..... 
[78  111  ..... 
I~9  114  33.0  3.9  8.5  1.6  11 
4  90  35.0  7.2  4.9  0.8  6 
86  38.0  5.5  6.9  2.2  -- 
5  52  85  ..... 
Mean  and S.D.  66-4-10  92±19  274-10  84-4  3.84-1.9  2.24-I .9  6.34-5.0 
* Ratio of hyperpolarizing to depolarizing resistance. I92  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  1959 
returned to its original steady-state value.  The potential of the unpolarized 
cell exhibited a  small  "undershoot"  which was  augmented by depolarizing 
currents. However, the undershoot disappeared when the cell membrane was 
hyperpolarized by about 3 mv., and was absent for larger hyperpolarizations.   li i. 
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Fmu~ 2.  Post-spike  membrane resistance  of SMC. Six superimposed  sweeps  of two si- 
multaneoudy recorded  traces.  Upper  trace: Membrane potential.  Lower  trace: Applied 
currents; capacitative artifacts distort the initial and terminal portions of these record- 
ing~. A spike was evoked by a supraliminal stimulus. A subliminal pulse was then ap- 
plied through the current microelectrode at various intervals after the spike. The mem- 
brane depolarizations produced by the first two pulses were smallest indicating that at 
this time the membrane resistance was lower. 
This indicates that for a period after the spike some process of enhanced ionic 
conductance continued to decrease the membrane resistance.  In the cell of 
this experiment the conductance process appeared to have an equilibrium po- 
tential  (@ reference 16)  of about 3 my. negative to the resting potential.  In 
most other ceils the post-spike equilibrium potential was slightly positive to 
the resting potential (Figs. 8,  12, and Table I). These cells had a maintained 
post-spike depolarization rather than an undershoot. The duration of the en- 
hanced ionic conductance was further indicated by experiments with brief 
pulses of constant amplitude applied at different times after a  spike. For ap- 
proximately 5 msec. after the spike had come back to the baseline and devel- 
oped a  slight undershoot (Fig.  2),  the membrane voltage changes produced 
by the testing current pulses were depressed. 
TIME CONSTANT  Fig.  3  shows a  graphical analysis of the time course of 
the membrane voltage changes following the termination of hyperpolarizing 
(crosses, broken line)  and depolarizing  (open circles, solid line)  pulses.  The 
data were obtained from the cell of the experiment illustrated in Fig.  8.  Re- BENNETT, CRAIN, GRUNDFEST.  Electrically Excitable Membrane  I93 
turn of the membrane voltage after hyperpolarization  was exponential,  with a 
time constant of approximately  16 msec. After depolarizing pulses,  the return 
was at first more rapid,  if the level of depolarization  had  exceeded the value 
(Fig.  8)  at  which  the membrane  resistance  was decreased  by the  passage of 
the current.  When the voltage had declined to this value, or after depolarizing 
pulses of lower voltage the decay was at the same rate as after hyperpolariza- 
tion. 
SPECIFIC MEMBRANE CAPACITY  The membrane capacity, calculated from 
the  average  values of specific resistance  (500 f2 cm. 2)  and  time  constant  (15 
msec.), was about 30 #fd./cm  2. This value is exceptionally large,  particularly 
for  vertebrate  neurons.  However,  the  limitations  on  the  accuracy  of deter- 
mining  the membrane  surface,  noted  in  connection  with  calculations  of the 
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FIOURE 3.  Time course of passive changes in membrane potential. Dotted line." Return to 
resting potential following a hyperpolarizing pulse. Solid line: Return after a depolarizing 
pulse. The data are taken from the experiment of Fig. 8.  Vo membrane  potential at end 
of the polarizing pulse.  V(o level of potential  at  time t.  Straight line indicates  an expo- 
nential return,  the time constant  being the interval on the abscissa for a  change on the 
ordinate from  i  to e. 
specific resistance also apply to the measurement of the capacity.  In the SMC 
of S.  vermicularis the  time  constant  is shorter  (4 to  6  msec.)  while  the  mem- 
brane resistance is about the same. The calculated membrane capacity there- 
tore is smaller,  5 to  15/~fd./cm. 2 (34). ~94  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  43"  I959 
B.  Excitability  to  Depolarizing  Pulses 
CRITICAL FIRING LEVEL  A just subthreshold depolarizing pulse,  long or 
short  (Fig.  4 A, B),  caused a  local response.  The spike developed at a  mem- 
brane depolarization of 12 to 30 my. in different cells and the rheobase varied 
from 0.6 to 5.6  X  10  .7  (Table I).  However, for a  given cell the critical firing 
A  c 
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FIGURE 4.  Identity of critical  firing level for direct and indirect  stimulation.  A- C. 
Sequences from one cell. Superimposed  tracings of membrane potentials  in response to 
long intracellular  depolarizations  (A), to short  pulses (B), and to indirect  stimuli  (C). 
The direct stimuli were progressively increased, the just liminal stimuli evoking a graded 
response. When the latter  attained  a critical value (level indicated  by broken line) spikes 
resulted.  Indirect responses were evoked during increasing  intracellular  hyperpolariza- 
tion,  the  spike arising progressively later  on the initial  component.  As the  peak of the 
latter was carried  below the  critical  firing level for direct  excitation,  the  second spike 
component failed  to  develop.  Inset:  Oscillographic  records  from another  cell. Left, 
responses  to  direct  stimuli. Right, indirect  responses, spikes occasionally  failing. The 
underlying initial  component attained  the  same level as did  the just  subthreshold  re- 
sponse to direct stimuli. 
level was the same as that at which the second component of an indirect spike 
developed out of the initial  component (Fig.  4  C).  This was demonstrated by 
the changes in  an indirect response  that were produced by varying hyperpo- 
larizations of the cell. As the membrane polarization was increased the second 
component was delayed on  the  initial  component.  It was  blocked when  the 
peak of the initial  component was carried negative to the critical firing level. BENNETT, CRAm, GRLrNDFEST.  Electrically  Excitable Membrane  I95 
In some cells the initial component sometimes failed to evoke a full spike dur- 
ing indirect stimulation  (Fig. 4, inset records).  The identity of the critical fir- 
ing level for  the direct  spike and  for the  second  component  of the indirect 
response was then also seen.  Since the critical firing levels for the direct and 
for the second component of the indirect spikes were the same,  the threshold 
for the initial component must be at least as large as that for the second com- 
ponent.  Thus,  the characteristics  of the initial  component are different from 
those of the initial segment response of motoneurons  (3,  13, 20, 24). 
Although the small (local) responses produced in the SMC by nearly thresh- 
old direct stimuli were similar in appearance (Fig. 4) to the initial component, 
the gradation  of the former in contrast  to the all-or-none onset of the latter 
further indicates their different origins. Also, the small responses in the SMC, 
including those which evoked axonal spikes without soma spikes (of.  reference 
4, Figs.  11,  14), did not render the cell body refractory to indirect stimulation 
(Fig.  5), whereas a  direct spike did so. 
Fxou~ 5. 
20 msec 
Absence of refractoriness of cell body after a subliminal response which pro- 
duced an efferent discharge.  A.  Stimulation of the cauda equina evoked an indirect 
spike preceded by an ADP which was not blocked by an earlier direct stimulus.  B. 
At a shorter interval the ADP was blocked by collision with the efferent impulse.  C. 
A smaller direct stimulus caused an efferent discharge, denoted by block of  ADP, without 
a cell spike. The indirect spike was not blocked at still shorter intervals (D, E), but when 
a direct spike was evoked (F) the cell was refractory to the indirect stimulus. 
Depolarizations from any source, as for example from an antidromic poten- 
tial  (ADP)  or a  postsynaptic potential  (p.s.p.),  added their excitatory effects 
to  direct  intracellular  depolarizations.  The  directly  applied  current  then 
needed to depolarize the cell to its critical firing level was lowered (Fig.  6). ]9  6  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUMe.  43  •  1959 
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FIGU~ 6.  Excitability changes produced  by ADP,  p.s.p.,  and  intraceUular  stimula- 
tion. Two simultaneous traces: above, of membrane potential; below, of stimulating cur- 
rent.  A, C.  Two superimposed sweeps of just liminal stimulation. Threshold current 
indicated by height of broken line above the baseline of lower trace. One depolarization 
produced a  spike.  B.  Four superimposed sweeps. One is of a  baseline without stim- 
ulation.  Another with a  neural stimulus  which  caused  arrival  of a  small  ADP  and 
p.s.p. The latter outlasted the sweep and obscured the end of the ADP.  In two more 
sweeps direct pulses were also applied. These liminal stimuli were smaller than in A, the 
critical firing level  remaining the same.  D.  Four superimposed sweeps as in B, but 
direct stimuli were near peak of p.s.p. The critical firing level remained the same as in 
C, but the direct stimuli were smaller. 
REPETITIVE  ACTIVITY EVOKED  BY LONG DEPOLARIZING STIMULI  Sustained 
depolarization  by  an  intracellularly  applied  current  evoked  repetitive  ac- 
tivity  in  the  neuron  (Fig.  7).  The  number  of responses  tended  to  increase 
with  the  degree of depolarization,  as did  also  their frequency.  However,  the 
responses succeeding  the  first  rapidly  became  lower  in  amplitude  and  ter- 
minated  in a  stable level of depolarization (D,  E). The larger depolarizations 
which  resulted  as  the  applied  current  was  increased  inactivated  the  mem- 
brane  earlier  (F).  The  stable  value  of  the  membrane  potendal  changed 
linearly  with  the  applied  current  (Fig.  8). BX~NNEa"r, CR.~aN, GRUI~mI~,ST.  Electrically Exdtable Membrane  t97 
Analysis of the underlying events was made possible by experiments such as 
that shown in Fig. 8. The inset illustrates representative examples of the effects 
of inward and outward current pulses lasting  100 msec. The hyperpolarizing 
membrane resistance was 3.3  X  10~ ~2, derived from the data shown in  the 
lower left quadrant of Fig. 8.  For the largest hyperpolarizing currents the re- 
sistance tended to decrease during the pulse. Similar effects occur in Cardnus 
axons (35). The outward current pulse illustrated in the inset of Fig. 8 evoked 
two responses, the second considerably smaller than the first. After the second 
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FiouPa~ 7.  Effects of sustained depolarization of different magnitudes.  Heavy trace, mem- 
brane potential; light trace, simultaneously recorded applied depolarizing current. With 
increasing stimuli the cell  developed a local response (A), a spike (B), and an increasing 
number of repetitive responses ((2, D), the later responses of smaller amplitudes. With 
stronger stimulation the repetitive responses arose  earlier, but their amplitudes were de- 
pressed (E, F). 
undershoot and a  slight oscillation, the membrane potential reached a steady 
value. The latter is plotted on the graph of Fig. 8 for the range of applied de- 
polarizing currents. From these data is derived a  resistance about eight times 
lower (3.9  X  104 ~2), than the hyperpolarizing resistance; i.e.,  the rectification 
factor of this cell was about 8. 
The  amplitudes of the several spikes directly evoked by the different ap- I98  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  z959 
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FIGU~ 8.  Analysis of various effects produced by different strengths  of polarizing cur- 
rents. Inset: Samples of membrane potentials used to construct graph. Broken  lints indi- 
cate six of the seven quantities plotted in the graph. The third direct response was not 
evoked by the depolarizing stimulus in the inset. Other data for same cell are shown in 
Fig.  3. Transition from hyperpolarizing to depolarizing resistance occurred after about 
15 my. depolarization. Further description in text. 
plied pulses,  as well as of an indirect spike elicited during the current pulse, 
are also plotted in Fig. 8  as functions of the applied currents. When  the cur- 
rent was small and hyperpolarizing,  the neurally evoked spikes decreased in 
amplitude, as was already seen in connection with Fig. 4  C. The decrease was 
associated  with  the delayed appearance  of the  second  component of the  in- 
direct spike on the first component. BENN~.TT, CRAm, GRUNDFEST.  Electrically Exdtable Membrane  z99 
Abruptly,  when  the  hyperpolarizing  current  was  increased  slightly,  the 
neural stimulus ceased to evoke a  second component.  Left behind was  the 
initial component which,  at first,  decreased rapidly,  then  attained  a  value 
only slightly decreased by larger membrane currents (cf. reference 4, Fig. 17). 
Since this component has been identified with a  spike synaptically initiated 
in the neurite (of. references 4 and 5), its continued decrease slightly below the 
critical firing level indicates that the greater hyperpolarizations produced by 
the stronger applied currents extended farther out along the neurite. The ef- 
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Fmu~  9.  Graded rcsponsivcncss  in SMC  depolarized by long pulse.  Simultaneously 
recorded traces  of  mcmbranc potcntial  (heavy  line)  and stimulating  current (thin  line). 
Note constancy of  pattern  in  the  repetitive  responses  aftcr  which the  ccU  bccarne quics- 
ccnt during rcmaindcr of  sustained  dcpolarization.  At this  time a I0 mscc. pulse  was 
added  to  the  sustaincd  stimulus,  increasing  (A  - C)  or  decreasing  (D  -  F) the  stcady  level 
of  depolarization.  In both  cases  the  stronger  stimuli  produced larger  graded rcsponscs. 
The rcspouscs  were evoked during the added depolarization,  and after  the end of  the 
repolarizing  stimuli  as  the  rncmbranc again depolarized  towards  the  steady  Icvcl. 
feet of the hyperpolarization,  however, may be expected to become less  at 
greater distances from the cell body. 
Small, outwardly applied current which did not elicit direct spikes increased 
slightly the amplitude of the neurally evoked response. This is a consequence 
of the earlier onset of the second component of the indirect spike upon the 200  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  43  "  x959 
first, caused by the heightened excitability of the slightly depolarized cell. As 
the membrane became more depolarized, however, the neurally evoked spike 
decreased in amplitude.  This reduction may be ascribed to inactivation  (36). 
The  first  direct  spike,  evoked when  the  applied  current  depolarized  the 
membrane to its critical firing level, was not affected by the sustained voltage 
changes, except to be augmented slightly.  This increase was probably due to 
more synchronous  activation  of the membrane  by the stronger  depolarizing 
stimuli.  The second spike, evoked only by the stronger depolarizing currents, 
was markedly smaller in amplitude than was the first direct spike, but it was 
also larger than  the corresponding indirect spike.  However, as the depolariz- 
ing currents were increased,  the amplitude of the second direct spike and of 
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FIGUR~ 10.  Responses  to indirect stimuli evoked during  different steady levels of de- 
polarization. Multiple  exposures. Upper trace, intracellularly applied current;  lower trace, 
membrane potential.  A.  Indirect testing spikes at the resting potential. Dot indicates 
the stimulus to cauda equina.  B -  D.  Responsiveness during  depolarization  of dif- 
ferent magnitudes. G, D, the depolarizations evoked a direct spike, which was followed 
by an oscillating response in D. The testing responses were reduced in amplitude,  but 
were essentially constant during the steady level of the depolarization. 
the third,  which ensued later and with stronger stimuli, fell at approximately 
the same rate as did the neurally evoked response. 
The first direct spike,  the indirect spike at low levels of depolarization,  and 
the second direct spike were probably all-or-none activities.  However, in the 
course of depolarizing  inactivation  (36)  the electrically excitable membrane, 
though  still  capable of pulsatile  responses,  no longer evoked all-or-none  ac- BENNETT, GRAIN, GRUNDFEST.  Electrically  Excitable Membrane  ~OI 
tivity (27). In Fig. 9, after an oscillating sequence of three responses, the mem- 
brane became quiescent. However, "inactivation" had not eliminated further 
responsiveness. Additional, brief depolarization  (A)  evoked another pulse of 
activity.  As  this stimulus was increased  (B,  C),  the additional response in- 
creased in graded fashion. A brief inward current applied during the sustained 
depolarization decreased the latter somewhat (D).  At the break,  the cell re- 
sponded with a  larger  pulsatile activity which also was graded,  increasing 
after larger currents (E,  F).  Although the effect appears to resemble anode 
break excitation, the latter was not seen in cells which had not been depolar- 
ized. 
In the experiment of Fig.  10 an indirect testing stimulus was applied at dif- 
ferent times during depolarizations of different intensities (B-D). The decline 
of the indirect response to increasing depolarization was more rapid than in 
the experiment of Fig. 8. However, throughout the period when the membrane 
potential had become steady the testing responses to the stimulus were essen- 
tially constant in amplitude. Thus, "accommodation" or "inactivation" (36) 
was attained early and was not changed after the initial spike and the oscil- 
lation prior to the steady potential. 
C.  The  Refractory  Period 
REFRACTORINESS TO  A  DIRECT  TESTING  STIMULUS  The absolutely refrac- 
tory period of SMC  was  brief,  probably not outlasting the spike duration 
(Fig.  11 C, D). The relatively refractory period was also brief; a testing stimu- 
lus of threshold amplitude applied 5 msec. after the end of a  conditioning re- 
sponse evoked a  second spike (B).  In this experiment the duration of relative 
refractoriness may have been shortened by persistent after-depolarization, but 
there  was  no  prolonged subnormality.  When  the  membrane  potential  re- 
turned to the resting value, the initial threshold again prevailed. 
REFRACTORINESS  OF  INDIRECT  SPIKES  The several components of an in- 
direct response have different refractory periods and these data may be used 
to analyze further the nature of the components. The small deflection, identi- 
fied as an ADP (4), was eliminated when a direct spike preceded the indirect 
response (Fig.  12 A) at an interval at which the indirect spike itself was little 
affected. As the interval between the stimuli was shortened (B, C), the initial 
component of the indirect response rose more slowly and probably attained a 
smaller peak amplitude, so that the second component clearly developed later 
(C) and was somewhat smaller. As the interval between the stimuli was short- 
ened further, the second component of the testing response was lost. The initial 
component became small (D, E) and, at first, carried several peaks (D). How- 
ever, even when the cell body of the SMC was near its absolutely refractory 
period (as seen in Fig.  11 D), a small initial component remained (Fig.  12 F). 202  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  ~959 
This is part of the evidence which has led  to  the conclusion that the initial 
component is an electrotonic potential, due to activity elsewhere than in the 
cell body, in a  portion of the neuron not subject to the same tempo of refrac- 
toriness as the cell body. Two factors probably caused the reduction in height 
of the initial component.  One was  the increased  post-spike  membrane  con- 
ductance (Fig. 2), during which the electrotonically spread potential was de- 
creased.  Also,  the direct spike invading the neurite probably caused refrac- 
toriness and smaller propagated activity. The several small peaks clearly seen 
on the initial component in Fig.  12 D  thus may have been due to temporally 
dispersed activities of separate neurite branches, as these recovered differently 
from refractoriness or were subjected  to different amounts of synapfic born- 
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FIGures 11.  Refractoriness  in SMC. Several superimposed sweeps in each record.  Si- 
multaneous traces of membrane potential (heavy line, above) and of current in stimu- 
lating pulses (thin line, baseline below; pulses cross voltage trace). Threshold stimulating 
current (level of broken horizontal lines) produced spikes shown in isolation in E. Paired 
stimuli at different intervals were applied in A - D. Full recovery of excitabili  W and ab- 
sence of supernormality in A, B. At a slightly shorter interval (C) the cell still responded 
to a stronger applied testing stimulus. At a still shorter interval (D) no response was ob- 
tained with available  testing currents  (traces of the strongest pulses were off the screen 
and are not shown). BENI~ETT~ CRAIg, GR~DI~S'r.  Electrically Exdtable Membrane 
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Fmum~  12.  Interactions of a  synaptically evoked response with a  conditioning direct 
spike.  In each set of records the upper trace is from a  monitoring cell,  and the lower 
trace is from a  cell impaled with two microelectrodes.  A.  Two superimposed sweeps 
showing the responses in both cells  evoked by a  cauda equina stimulus.  The stimulus 
artifact appears as a  brief square pulse.  In one sweep this response was preceded by a 
direct spike in the cell of the lower trace. In this and subsequent records, the activity of 
the monitor cell was not affected by the conditioning stimulus.  A, B, the synaptically 
evoked response of the conditioned cell was slighdy prolonged, but the ADP was blocked. 
(7.  At a briefer interval after the conditioning activity the indirect spike appeared later 
on the initial component, and its peak was delayed in relation to the response of the mon- 
itoring cell.  At still  shorter intervals  (D- F), the indirect response lost its second com- 
ponent. The initial component was markedly reduced, and developed irregularities. 
bardment.  When  the  conditioning  stimulus  was  an  indirect  spike  the  testing 
response  usually failed  in  all-or-none  fashion,  before  the  second  component 
was much  reduced.  Sometimes,  however,  the time course of refractoriness  was 
similar  to that following direct conditioning  (4,  Fig.  15). 204  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  •  1959 
D. Prolonged Spikes 
Most of the spikes shown in the figures of this and the preceding paper (4) had 
a fairly similar time course. The spike lasted about 3 to 5 msec., rising some- 
what more rapidly than it fell. However, under some conditions the SMC's 
developed remarkably long responses. These prolongations were seen particu- 
50 msec 
I 
50 msec 
t °°2 
50 msec  Lo 
Fiotrm~  13.  Prolongation of spikes  during  repetitive  activity.  At,  A~.  Different  se- 
quences in one cell following an indirect stimulus. Note progressive prolongation of repet- 
itive spikes; different durations in A1, and A~, and slight shortening of last  spike  in  A1. 
Bt- Ba.  Same cell with prolongation of directly evoked responses.  Note different size 
of rising phase on the plateau  of the prolonged spike in B2; refractoriness during the 
plateau  (B~), partial recovery during falling phase  (BI), and shortened  terminal spikes 
(Ba, B2).  C1,  C2.  Simultaneous  recordings from two indirectly stimulated  cells,  only 
one of which (lower trace) produced markedly prolonged spikes. Note small potentials on 
plateau in C2, correlated with repetitive discharges of other cells. These presumably rep- 
resent initial  components.  D1, D2.  Prolonged responses evoked during sustained de- 
polarizing pulses.  Note absence of initial peak in D2. B~N~a-r, CRAm, GI~trNDI~ST.  Electrically Excitable Membrane  205 
laxly during repetitive activity (Fig.  13) evoked by direct or indirect stimula- 
tion. 
The prolongations were of different durations, but usually had the follow- 
Lug pattern  (Fig.  13).  The rising phase of the response developed as in the 
brief spike. From its maximum, the potential fell about 20 to 30 my. at the 
usual rate. Then the membrane potential developed a plateau, sometimes after 
rising slightly. The durations of the prolonged responses showed a eontLuuous 
range of variations. In the shortest, the plateau was signalized only as a slight 
shoulder on the falling phase. The longest durations of the plateau exceeded 
50 reset. The plateau could be dome-shaped, flat, or sloping downward, and 
was terminated by a rapid return to the resting potential. This was sometimes 
followed by a  phase of hyperpo!arization (Fig.  14 A2, As).  In a  train of pro- 
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Fiovm~  14.  Prolonged spikes  during single responses in immature fish. Records taken 
on moving film.  A~- Aa.  Different responses in one cell  following indirect stimulus. 
Another cell  (upper trace), probably damaged in penetration, developed only a small ini- 
tial  component.  B1, B2.  Another experiment.  Indirect responses  simultaneously re- 
corded in two cells. Bl, large initial component only in one cell.  B2, same cell produced 
spike followed by very high prolonged and delayed plateau. 206  THE  JOURNAL  OP  GENERAL  PHYSIOLOGY  • VOLUME  43  "  x959 
longed spikes the successive responses could be shorter or longer (Fig.  13). 
During  repetitive indirectly excited  activity  one  cell  produced  prolonged 
spikes, while others did not (Fig.  13 G1,  C2). When a  stimulating pulse was 
applied during the falling phase of a prolonged response the plateau was re- 
stored, but without an initial peak (Fig.  13 B1). During the repetitive activity 
produced by a  sustained depolarization, the initial peak frequently was also 
absent (Fig.  13 D2). 
The appearance of prolonged spikes was more frequent in fresh prepara- 
tions and in these they generally occurred early after a  cell had been pene- 
trated and then disappeared. Prolonged responses were more common in small 
young fish (5 to 8 cm. long) than in the 15 cm. or larger adult fish.  In the 
former, prolonged spikes sometimes appeared in single responses (Fig.  14), 
rather than in the late responses of a train, as in adult fish. 
Application of isotonic tetraethyl ammonium chloride to the surface of the 
cell cluster increased the tendency toward prolonged responses similar to its 
effect in other tissues  (41, 51). The use of this drug therefore should allow de- 
tailed investigations in the future of the membrane properties during pro- 
longed spikes. However, the data now available permit conclusions regarding 
a number of characteristics. 
Stimulating pulses applied during the plateau of the prolonged response 
did not evoke additional responses (Fig.  13 B2). However, the restoration of 
the plateau of the prolonged spike by a  stimulus during the rapidly falling 
phase (B1) indicates that soon after the onset of the repolarizing phase there 
was a  return of responsiveness. Thus,  the plateau was restored during what 
might have been expected to be absolute refractoriness (the falling phase of a 
spike). The membrane depolarizations produced by brief direct stimuli ap- 
plied during the plateau (B2) or during the subsequent falling phase (BI) were 
smaller  than  the  excitatory depolarizations produced by  the same  stimuli 
starting from the resting level and initiating the spike. This indicates that the 
membrane conductance was somewhat elevated during the plateau. However, 
the change probably did not approach in magnitude the high conductance 
value that prevailed during the initial part of the prolonged spikes, the rising 
phase of which appears to have been as rapid as that of brief spikes. The rela- 
tively lower conductance in the period of the plateau is indicated by the slow 
decay of polarization produced by pulses applied at this time (B~). On the 
other hand, repetitive synaptic bombardment of the neurite evoked only small 
initial components during the plateau (C~) and this indicates further that the 
membrane conductance was heightened above the resting level.  However, 
that the initial components occurred at all indicates that the prolonged re- 
sponse of the cell body did not invade the membrane at which the synaptically 
evoked responses were initiated. BENNETT, CRAIN, GRUNDFEST.  Electrically  Excitable Membrane  207 
E.  Identification  of Active  Areas  of  the Membrane 
As noted at the beginning of this paper, the membrane of the SMC may have 
different properties in different regions, as is the ease in other neurons (3, 6, 
7,  13,  17, 20, 24). Intraeellular recordings do not permit differentiation of the 
various sites,  except in special eases,  such as muscle fibers  (10),  or electro- 
plaques (6,  7,  7 a, 27), in which the dimensions of the structure are large in 
relation to the space constant. External recordings (of. references 10,  17,  19, 
22, 23, 54) using microelectrodes closely applied to the cell membrane do pro- 
vide a  certain amount of additional information, particularly when carried 
out simultaneously with intracellular recordings. Durng intracellular depolar- 
ization,  external  negativity signifies inward current flow and  under ohmic 
conditions denotes activity of the underlying membrane. Under the same con- 
ditions, external positivity denotes that the membrane below the electrode is 
inactive, or if itis active, that it is generating a smaller potential than is some 
other active region. 
Fig.  15 shows data obtained in this way from responses elicited in a  SMC 
by neural  stimuli  (Ax-A4) and  by direct intracellular stimulation  (BI,  B~). 
The indirect spike (A1) began with the exterior of the dorsal surface of the cell 
becoming positive.  This  indicates  that  this  membrane region was inactive 
and was a "source" for an active part, or "sink." The inactive period had two 
phases. First there was a  slowly rising and substantial portion which was co- 
incident with the first component of the intracellular spike. The next was a 
sharply peaked phase, which was succeeded by a long lasting negativity. These 
two were associated with the second component of the spike. The latter arose 
later on the initial component (A,, A3) during hyperpolarzation of the cell. 
When the hyperpolarization was sufficiently large (A4) the cell occasionally 
failed to produce a second component and, as seen in the superimposed traces, 
the different parts of the externally recorded potentials were then clearly iden- 
tifiable with the two intracellular components. 
During direct excitation of the cell by a  long depolarizing pulse  (Bl, B~) 
the external recording showed only potentials similar to those associated with 
the second component of the indirect spike. These and the intraceUular re- 
corded spikes were smaller (B~) with weak stimuli, presumably because of in- 
activation. The earlier and longer lasting positivity which is associated with 
the initial component of the indirect spike was absent. This denotes that the 
region at which the initial component arose was not excited by the direct 
stimulus before the soma, and therefore, that its threshold was at least as high 
as that of the soma. This is in marked contrast to the motoneurons, in which o08  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  *  VOLUME  43  "  1959 
all spikes arise in the low threshold initial segment,  and have similar extra° 
cellular correlates (23). 
Thus, three events are clearly distinguished by external recordings from the 
SMC.  The positivity during the initial component of the indirect spike indi- 
1 msec  10 msec 
Fxoum~ 15.  Correlation of intracellular and extracellular recordings.  Four simultane- 
ously recorded traces: upper, intracellular record from one cell; next two, extracellular and 
intracellular recordings from another cell; lowest trace, currents applied to same cell with 
another intracellular electrode.  At- A4.  Spikes of both cells evoked by indirect stim- 
uli. Initial component, though visible in unpolarized cell (A1) was accentuated by in- 
creasing hyperpolarization (A2 - A0, as the spike was progressively delayed (A2, At) and 
occasionally blocked (A4). Long initial external positivity is correlated with initial com- 
ponent of intracellular response. The second component is correlated with appearance 
of a brief  positive peak, followed by larger negativity. The latter denotes activity of mem- 
brane under recording electrode.  Note different time scale in A4.  B~, B~.  Responses 
of same cell to direct stimuli of different strengths. Weak depolarization (Bt) evoked late 
spike. Extracellular recording begins with small initial posifivity. When cell was stim- 
ulated more strongly a larger positive peak developed in correlation with an earlier in- 
tracellular spike. Further description in text. 
cates  that  this potential does not represent activity of the cell body,  at least 
on the dorsal surface. This is consonant with the conclusion given earlier and 
which will be further supported by other data  (5)  that the initial component 
results from synapdcally induced  activity in the neurite portions near to the 
cell  body.  When  this  electrotonically spread  depolarization  excited  the  cell 
body there was another,  but brief, phase of positivity on the dorsal surface of B'~NNET% CRAm, GRUNDFEST.  Electrically  Excitable Membrane  209 
the cell.  This indicates that  the  more ventral,  but nearby,  portions of the 
neuronal membrane had become active first,  giving rise  to larger,  outward 
flowing, and excitatory local circuit current. When the dorsal surface was ac- 
tivated slightly later, the longer lasting and large negativity developed. 
An important difference was observed between the time course of the intra- 
cellularly recorded initial  component and  its  externally recorded correlate. 
While  the former maintained a  relatively flat peak (A4), the latter subsided 
more rapidly and  terminated as  negativity during the falling phase of the 
intracellularly recorded potential. The reversal of sign indicates that part of 
the current flow induced in  the inactive membrane by the electrotonically 
spread potential was capacitative. This negativity can be clearly distinguished 
from the later, large negativity that occurred during the spike of the cell body. 
Reduction of the initial component during the refractory period was shown 
in Fig. 12 and ascribed to two factors. Fig.  16 presents evidence that the mem- 
brane current was reduced during refractoriness. This indicates that during 
the phase of enhanced post-spike conductance (Fig.  2)  the responsiveness of 
an electrically excitable component was also diminished. Therefore, the con- 
ductance change probably was not as important a factor as was decreased re- 
sponsiveness in reducing the initial component. The externally recorded posi- 
tivity associated with the initial component (Fig.  16 A, B) persisted when the 
indirect spike was produced after a  direct response (C).  However, when the 
indirect spike was eliminated (D),  both the initial component and its extra- 
cellularly recorded correlate were absent.  While with decreased membrane 
resistance the IR drop across the membrane might have been sufficiently di- 
minished to cause disappearance of the intracellular potential, the IR drop 
produced by the extracellular current flow should still have been present. 
The records of Fig. 16 also bear on another important point. Whether it was 
direct or indirect (A,  C), the spike resulted in a  large positive extracellularly 
recorded potential with little, if any, negativity. This might be considered as 
indicating that  the membrane under  the recording electrode was inactive. 
However, the time course of the extracellular potential was such that it could 
not have resulted from passive current flow. Under ohmic conditions, the ex- 
tracellular and intracellular potentials should have had the same course.  If 
the initially outward current had been curtailed by inward capacitative cur- 
rent, the potential should have developed a later negativity. This did not hap- 
pen, and it therefore seems likely that special recording conditions in this ex- 
periment  modified  the  extracellularly  observed  potentials.  This  probably 
resulted from differences in the activity of various parts of the cell body. The 
positivity under the recording electrode indicates that the membrane in this 
region never generated a  larger potential than did surrounding areas. Under 
this condition the net current of this site was outward, despite the probability 
that the membrane was nevertheless active.  The dependence of external re- 
cordings on such factors is further indicated in tbe potentials observed when 2IO  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  •  x959 
the  indirect  spike  was  evoked  during  relative  refractoriness  (C).  While  the 
intracellular indirect spike was only slightly modified,  the extracellularly re- 
corded potential was greatly diminished. 
Inactivation of the cell membrane  may conceivably be caused by pressure 
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FIGUItE 16.  Modification of extracellular currents in correlation with changes  in re- 
sponses of SMC.  Two upper traces: Simultaneous  intraceUular recording from comparison 
and tested cells. On lowest  trace, extraceIlular recording from the latter cell.  Third trace 
shows magnitude of currents applied through another intracellular electrode in tested 
cell.  A.  Indirect stimulus evoked spikes in both cells. External recording shows only 
positivity.  B.  During a hyperpolarizing pulse,  the indirect stimulus  evoked only an 
initial component in the tested cell. Extracellular recording showed a smaller positivity. 
C  Indirect spike of tested cell was evoked after a direct spike. Extracellular recording 
shows large brief positivity during direct spike, prolonged small positivity during initial 
component, and  a  small late positivity  during the second  component of the indirect 
spike. Note marked dissimilarities in external recordings in A and C, although intracel- 
lular indirect spikes were similar.  D.  The direct spike blocked the indirect response. 
Extracellular recording reveals only small potentials which probably represent pick-up 
from other cells. 
of the tip of the externally recording microelectrode, and this might then ac- 
count for recordings such  as  are shown  in Fig.  16.  Covering the  SMC  with 
mineral  oil permitted  the  use of microelectrodes with very large  tips  (35  to BENNETT, CRAm, GRUNDFEST.  Electrically  Excitable Membrane  2II 
40 #) whose position with respect to the membrane was easily visualized. The 
extracellular current flow in this situation was concentrated in the thin layer 
of saline solution under the oil, and large potentials were then recorded imme- 
diately on contact of the electrode tip with the fluid, before the membrane 
was deformed by the electrode tip.  This recording condition, however, also 
produced considerable pick-up of currents flowing as a  result of activity of 
other cells. In the experiment of Fig. 17 the cell under investigation responded 
later to a neural volley than did adjacent cells. The activity of the latter pro- 
duced a  large external  positive potential,  the  peak of which preceded the 
onset of the internally recorded response of the cell under investigation. The 
initial component of this response was correlated with a second, small positive 
peak appearing toward the end of the potential due to the other ceils.  Corre- 
lated with the intracellular spike was a  late negative extracellular potential 
which was preceded in A and B  by a  small initial positivity, as was also the 
case in the experiment of Fig.  15.  Intracellularly applied hyperpolarization 
which delayed the spike (B,  C)  also delayed the negativity. When the spike 
failed to develop (D), the local response of the cell was associated with a small 
negativity. Direct excitation of the cell (G,/-/)  caused a  positive-negative se- 
quence, like those seen in Fig. 15 (B1 and B2). However, the cell of the present 
experiment probably had areas of membrane of markedly different thresholds. 
Earlier excitation of the region with lowest threshold would give rise  to  the 
step seen in Fig.  17 H. The initial positivity was associated with this step and 
was clearly separated from the later negativity that was correlated with the 
spike produced when the whole cell was active. 
DISCUSSION 
The structure of the SMC is apparently simple--a large cell body which is 
relatively devoid of processes except for one large neurite.  Throughout its 
course and that of the axons into which it branches this process is unmyeli- 
nated. Nevertheless, as was described in Part I  (4) this simple structure gives 
rise to a variety of potentials. Taking advantage of the size of these cells and 
of their accessibility these different varieties have been analyzed both in Part 
I  (4)  and in this paper. 
A.  The Processes  of Electrical Excitability 
The electrically excitable component of the electrogenic membrane of supra- 
medullary cells has  many characteristics that  are essentially identical with 
those of other similarly excitable structures.  Its passive  electrical properties 
are only somewhat different in numerical value from those  that  obtain  in 2I o  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  ~959 
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Fiau~  17.  Extracellular recording with  large saline-filled electrode under  covering 
layer of oil. Three simultaneous traces: upper,  external recording; middle,  intracellular 
record from same cell; lower, magnitude of current applied through another intracellular 
microelectrode.  A -  F.  Indirect stimulation with increasing block of the second com- 
ponent by hyperpolarization in B- E. Large initial extracellular positivity was due to 
pick-up of external potential from other cells of the cluster which responded earlier than 
the tested cell. Initial component of intracellular response of latter was associated with 
small positive peak on falling phase of this pick-up. Soma spikes of the tested cell were 
associated with  a  late, predominantly negative external potential. Delay of the  soma 
spike (B, C) was correlated with later onset of the negative  potential and diminution of its 
initial brief  positivity  (of. also Fig. 15 BI, B2). Local response (D) was correlated with small 
externally recorded negativity. Both disappeared together (E). F, oil was replaced with 
Ringer's solution. Note disappearance of pick-up in external recording. The intracellular 
spike failed,  but  a  small external  positivity appeared  during  the  initial component. 
G -  L  Direct stimulation of the same cell, recording externally under oil (G, H) and in 
Ringer's solution (/). Early direct response (G) had large brief initial positivity. Delayed 
spike (H)  had a  smaller initial positivity correlated with an initial graded response of 
cell. Extracellularly recorded potentials were greatly diminished after oil was replaced 
with saline fluid (I). BENNETT, CRAIN, GRUNDFEST.  Electrically  Excitable Membrane  2x3 
other cells. Depolarization of the cell membrane to a critical level is required 
to generate a spike. This level, about 20 my., is considerably greater than the 
low values for cat motoneurons (about  10 mv.), but approximates the higher 
critical depolarization required to discharge squid  axons  (37),  frog skeletal 
muscle fibers  (44),  and  eel  electroplaques  (40).  The  spike  duration  of the 
SMC  is  longer than  in other spinal neurons of the same fish  (unpublished 
data). This may be related to the possible origin of the cell as part of the auto- 
nomic nervous system which in many lower vertebrates has efferents in the 
dorsal roots (39). In the Pacific puffers the spike duration appears to be about 
4  msec.  (34).  Various other electrical properties of the SMC in these species 
appear to resemble those of S.  rnaculatus. 
Membrane resistance changes during and after the spike, the excitability 
changes produced by depolarization and hyperpolarization, the initial repe- 
titive discharges and subsequent inactivation of electrogenesis by sustained de- 
polarization, are all phenomena that are consistent with the ionic interpreta- 
tion given recently for squid axon activity by Hodgkin and Huxley (36). 
Inactivation was partial during a given long lasting depolarization and de- 
pended upon the degree of the depolarization. The steady-state was appar- 
ently attained rapidly, and probably occurred during and immediately after 
the spike discharges evoked by the depolarizing current (Fig. 10). Two further 
observations also indicate a rapid inactivation. The latency to rheobasic stim- 
uli was short  (Fig.  4).  Also,  the maximum number of spikes observed in a 
repetitive discharge to a strong depolarization was five. 
During sustained depolarization additional responses were evoked by in- 
creasing briefly the depolarization or on  the return of the potential  to  the 
steady level after a  brief repolarization  (Fig.  9).  In  the  latter  cases  the re- 
sponses were larger; presumably the repolarization permitted some reactiva- 
tion (36). The latter was probably also rapid. Two msec. intracellular depolar- 
izing pulses at rates of 100/see. or more evoked repetitive spikes in the SMC. 
Thus, whatever inactivation was produced by the stimuli and the responses 
was also rapidly reversed. However, the kinetics of this phenomenon were not 
studied  further.  The  responses  were  graded  depending  upon  the  stimuli. 
Graded responsiveness also develops in depolarized eel electroplaques (27) and 
in squid giant axons (32,  38). Muscle fibers of various invertebrates normally 
respond only with graded activity to electrical stimuli (1,  11,  12). 
The appearance of prolonged spikes in some SMO when subjected to only a 
small amount of repetitive activity, and the rapid alternation between brief 
and long responses (Fig.  13),  appear difficult to reconcile with the Hodgkin- 
Huxley theory (36). Prolongation after repetitive activation has also been ob- 
served in the node of Ranvier (47),  and in Aplysia  (53).  In the former case, 
prolonged tetanization is necessary, but in the latter the situation is similar 
to that in the puffer. In many varieties of neurons and muscle fibers more rig- ~I  4  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  43  "  I959 
orous experimental treatment also causes prolongation of the spike (16,  21, 
25, 33, 41, 42, 43, 51), and as noted above, the spike of the SMC is prolonged 
by TEA. However, the responses are more stable in these cases than are the 
prolonged spikes of the SMC. 
B.  Site  of Membrane  Activity 
NON-UNIFORM EXCITABILITY OF  THE  CELL MEMBRANE  Special anatomical 
and physiological conditions have permitted a considerable degree of correla- 
tion between intracellularly recorded potentials and active sites of the mem- 
brane.  The surface of the neuron soma does not have identical excitabilities 
and, in general, a region of the cell below the dorsal surface has the more ex- 
citable membrane. The axon membrane is still more excitable (4).  Whether 
all of the cell membrane responds to the electrical stimulus or whether only 
some distinct patches are electrically excitable cannot be deduced from the 
available data. Any unresponsive patches must be small since a closely applied 
microelectrode normally records activity of the underlying membrane. 
Differences in threshold of the spike in different regions of a  cell have re- 
cently come to light in a  number of preparations (3, 6, 7,  13,  17, 20, 24).  In 
the electroplaques of Malapterurus the difference extends even to the form of 
the spikes  (7).  One face of the electroplaque generates a  spike which lasts 
about 1.5 msec., the other responds with a spike about 0.3 msec. in duration. 
Thus, it is clear that the kinetics of electrogenic processes in an electrically ex- 
citable membrane may be diverse, and these differences will need to be taken 
into account in a comprehensive theory of bioelectric activity. 
Ordinarily,  non-uniformities in  closely neighboring regions of the electri- 
cally excitable membrane are obscured during intracellular recording by the 
averaging process of electrotonic spread. The occurrence of non-uniformity is 
disclosed by comparing the activity simultaneously with intraceUular and ex- 
tracellular microelectrodes (cf. references 10, 22, 23, 48, 54) as in Figs.  15 to 
17 of the present work. However, the data of Fig.  16 also call attention to the 
possibility that there may be considerable discrepancy between the intracel- 
lular and extracellular potentials under special conditions of non-uniform ex- 
citability.  Other experimental procedures have also called attention recently 
to the possible existence of non-uniformities in the excitable membranes of the 
node of Ranvier (50; cf. reference 14) and squid giant axons (49, 52).  In the 
electroplaques of marine electric fishes (7 a, 8) and of some of the gymnotids 
(2, 40), but not all (6), one surface of the cell does not respond to stimuli of 
any kind. In other tissues the whole cell body (9, 22, 23, 54) may not be elec- 
trically excitable. The same appears to be true for the sensory receptor surfaces 
which produce generator potentials (26,  29),  and for apical dendrites of py- 
ramidal cells in mammalian cortex (18, 45). BENNETT, CRAIN, GRUNDFEST,  Electrically Excitable Membrane 
The occurrence of different regions with distinctly different thresholds to 
electrical stimuli does not appear to have obvious structural correlates in histo- 
logical preparations. It is also unlikely that the electrophysiological differences 
can be correlated with fine structure as realized by present day electron mi- 
croscopy. In many types of cells, profound electrophysiological and pharma- 
cological differences can be readily discerned in different parts of the same 
cell membrane (29 a, 30, 31) with only minor, if any, differences in fine struc- 
ture. 
THE  FIRST COMPONENT  AS  THE  NEURITE  SPIKE  The correlations between 
intracellular and extracellular recording demonstrated that only the second 
component of the indirect spike is due to the activity of the soma membrane. 
The first component is also an all-or-none event, independent of the second, 
but smaller and rising and falling more slowly. Its various properties indicate 
that it must be the spike in the neurite, spread electrotonically to the cell body. 
Since the critical firing level is a depolarization greater than the largest p.s.p.'s 
observed intracellularly,  the synaptic excitation which initiates  the neurite 
spike must occur at a distance from the soma. As the spike propagates toward 
the cell body it meets with some hindrance, presumably at the neurite-soma 
junction. 
The neurite spike can be made refractory by previous activity of the cell and 
correspondingly the external current flow is then reduced (Fig.  16).  Hyper- 
polarization  diminishes the  initial  component at  first  rapidly,  then  more 
slowly. This is to be expected in the case of activity propagating in an unmye- 
linated axon, in contrast with the all-or-none block of the initial segment spike 
of motoneurons at the proximal node of the myelinated axon (15). Behavior 
similar to that in the SMC has been reported for the giant ganglion cells of 
Aplys/a (53). 
The neurite spike of the SMC differs in an important respect from that in 
the initial segment of motoneurons (16) and the axon hillock region of crusta- 
cean stretch receptors (17). The latter two arise in membrane which is more 
excitable than is any other part of the soma-dendritic membrane (3,  13,  17, 
20, 24). Any electrical stimulus, an e.p.s.p., an antidromic spike, or an intra- 
cellularly applied depolarization, first excites the initial segment membrane. 
The local circuit current of the latter then fires the rest of the electrically ex- 
citable soma-dendritic membrane. Thus, the initial segment activity appears 
in the response to all forms of stimulation and the external recordings are es- 
~entially similar for antidromic and orthodromic activity (17, 23). 
The neurite of the SMC probably has the same threshold as does the soma. 
Certainly, its excitability is not higher, for, as noted above, otherwise a direct 
stimulation of the SMC would have produced the initial component at a lower 
potential than is required to evoke the second component. 
PROPAGATION OF  THE  NEURITE  SPIKE  Once initiated by indirect stimu- 2,6  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  I959 
lation, the neurite spike propagates centrifugally and towards the soma. At the 
neurite-soma junction the safety factor should be lowered by geometrical fac- 
tots (cf. reference 16) and this would account for the delay or block of the soma 
spike.  In a  sense, the indirect spikes of the SMC are always "antidromic," a 
consequence of the distal site of impulse initiation. The cell body is probably 
unnecessary for the propagation of impulses in the SMC,  although it is un- 
doubtedly essential to their long term survival. 
ORIOIN OF THE NwUgI~ SPIKE  The site,  or sites,  at  which the neurite 
spike originates cannot be fixed at this time; anatomical data which localize 
the  synapses  should  be  helpful.  The  indirect  spike  may arise  in  the  lower 
threshold axonal branches (4) rather than in the higher threshold portion of 
the neurite. Although antidromic impulses in individual axons do not invade a 
common portion of the neurite (4), simultaneous activity of different branches 
would have mutually facilitatory effects (cf.  Fig.  6).  The  summated ADP's 
then could invade nearer the cell body than does any one ADP. An apparent 
discrepancy, the greater sensitivity to hyperpolarization of the ADP than of 
the neurite spike  (4,  Fig.  17),  may be accounted for by these facilitatory ef- 
fects. Also, individual variations in the refractory period of different branches 
would cause the irregularities seen in the initial component during refractori- 
ness (Fig.  12).  In this state, and in strong hyperpolarization, the initial com- 
ponent may represent summated ADP's which have not invaded a  common 
portion of the neurite. 
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